Root hairs (RH) are tip growing polarized cells aiding the uptake of nutrients and water into plants. RH differentiation involves the interplay of various hormones and second messengers. Tightly regulated production of reactive oxygen species by the NADPH oxidase RBOHC crucially functions in RH differentiation and Ca 2+ -dependent phosphorylation has been implemented in these processes. However, the kinases regulating RBOHC remained enigmatic. Here we identify CBL1-CIPK26 Ca 2+ sensor-kinase complexes as modulators of RBOHC activity. Combined genetic, cell biological and biochemical analyses reveal synergistic function of CIPK26-mediated phosphorylation and Ca 2+ binding for RBOHC activation. Complementation of rbohC mutant RH phenotypes by a S318/322 phosphorylation deficient RBOHC version suggests flexible and alternating phosphorylation patterns as mechanism fine-tuning ROS production in RH development.
Ca
2+ signaling and determine RH growth by regulating the interplay of cell wall rigidity and cell growth in a pH-dependent manner. Lower pH favors rapid RH extension by loosening cell walls, while enhanced ROS accumulation enhances cell wall rigidity to define the rate of cell expansion. In this way, ROS and pH function together in a complementary and coordinated manner to maintain root hair growth patterns [3] .
NADPH oxidases, designated as Respiratory Burst Oxidase Homologues (RBOHs) in plants, represent major sources of transient ROS generation involved in the regulation of plant development and stress responses [11] [12] [13] . Plant RBOH proteins contain six membrane-spanning domains, two EF-hand motifs for Ca 2+ binding and are encoded by a gene family consisting of 10 members (coding for RBOHA-RBOHJ) in Arabidopsis [14] . While RBOHD and RBOHF have been implicated in a multitude of processes ranging from pathogen tolerance to the propagation of systemic ROS waves and while RBOHH and RBOHJ have been found to crucially function in pollen tube growth, only RBOHC has so far been associated with RH growth [2, [15] [16] [17] [18] [19] . Loss-of-function of this NADPH oxidase resulted in abolished ROS fluctuations leading to ceasing growth and burst of RHs [2, 3, 6] . Regulation of RBOH proteins appears to be complex and to involve manifold components [20] . Ca 2+ binding to EF-hands and phosphorylation synergistically activate RBOHs and represent central mechanisms affecting their ROS producing RBOH activity [21, 22] . Ca 2+ -Dependent Protein Kinases (CDPKs) activate RBOH proteins in potato and in Arabidopsis CPK5 and the Pattern Recognition Receptor (PRR) associated kinase BIK1 confer RBOHD activation [23] [24] [25] [26] . RBOHF can be phosphorylated by OST1 (at least in vitro) and becomes activated through phosphorylation by CBL1-CIPK26 Ca 2+ sensor-kinase complexes [27, 28] . CBL-CIPK modules form a complex signal transduction network in plants, which translates Ca 2+ signals into phosphorylation-dependent regulation of target proteins [29, 30] . During the past years, a wide range of CBL-CIPK targets have been identified, including several ion channels, transporter proteins and the AHA2 proton pump [31] [32] [33] [34] [35] [36] . However, so far RBOHF remained the only NADPH oxidase identified as target of CBL-CIPK regulation.
For RBOHC it has been reported that the GTP dissociation inhibitor SCN1/AtrohGDI1 determines the tip focused spatial distribution of this NADPH oxidase to maintain polar growth [37] . Moreover, it has been suggested that Ca 2+ -dependent phosphorylation of RBOHC would be essential for its activity, but the molecular identity of the responsible kinase(s) has remained elusive [6] . In this context, mutation of the conserved serine residues S318 and S322 to alanine in a peptide of the RBOHC N-terminal region abolished Ca 2+ -dependent phosphorylation by plant extracts and in this way suggested a central function of these residues in the regulation of ROS production in RH via RBOHC [6] .
Here we report that the Ca 2+ sensor-protein kinase complex CBL1-CIPK26 specifically phosphorylates and activates the NADPH oxidase RBOHC. This activation mandatory requires kinase activity of CIPK26. Pathway reconstruction assays in the human HEK293T cell line support a central role of the residues S318 and S322 in Ca 2+ mediated and phosphorylation mediated modulation of RBOHC activity. Moreover, our results uncover mechanistic differences in the activation processes of RBOHC and RBOHF and suggest a predominant role of Ca 2+ concentration for the modulation of RBOHC activity. Finally, despite the critical role of S318/322 for RBOHC activation in the highly specific HEK293T cell reconstitution system, we somewhat surprisingly noticed that in rbohc plants expressing a RBOHC S318/ 322A modified NADPH oxidase, phosphorylation of both residues appears to be dispensable for sufficient ROS production to allow normal RH differentiation.
Methods

Plant materials and growth conditions
Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used as wild type and T-DNA insertion lines for rbohc (SALK_071801) and cipk26 (GK-703D04) were obtained from the European Arabidopsis Stock Centre (http://arabid opsis.info). Homozygous lines were confirmed by PCR using primers listed in Table S1 . cbl1 (SALK_110426)/cbl9 (SALK_142774) double and single mutant lines were previously described [36] , cipk26 (GK-703D04) was described earlier [38] . Sterilized seeds were sown on 1/4 MS plates containing 1% (w/v) sucrose and 5 mM MES, adjusted to pH 6.0 with 0.7% agar or pH 5.0 with 1.1% agar. Seedlings were grown on plates in a vertical orientation and along the surface of the medium at 22°C day temperature and 18°C night temperature with 16 h light (120-150 lEÁm À2 Ás À1 ). 4
or 5-day-old seedlings were used for root hair measurements.
Generation of transgenic plants
To generate RBOHC complementation lines, a RBOHC promoter fragment (2503 bp) was amplified and used to exchange the promoter of pGPTV-II-BAR-35S-mVENUS giving rise to pGPTVII-Bar-pRBOHC-mVenus. The CDS of whole-length RBOHC WT and RBOHC S318/322A was amplified, digested using XhoI/XmaI and inserted into pGPTVII-Bar-pRBOHC-mVenus tp gain pGPTVIIBar-pRBOHC-mVENUS-RBOHC. Primers are listed in Table S1 . Constructs were transformed into the rbohc mutant using Agrobacterium tumefaciens (GV3101/pMP90) mediated transformation using the floral dip method [39] . The 2061 bps of the CIPK26 promoter were amplified by PCR, digested using (BamHI and XmaI) and cloned into the pGPTVII hyg vector to create the pGPTVII-hyg-pCIPK26::GUS construct. The corresponding construct was transformed Col-0 WT plants.
In planta localization of BiFC complexes
For localization studies of YN-CIPK26 and YC-RBOHC fusion proteins, the CIPK26 coding sequence was cloned into the SPYNE(R) vector [40] and the RBOHC coding sequence was cloned into a vector for inducible expression of YC fusion-proteins, in which the inducible cassette is driven by the UBQ10 promotor [41] . Transformation of the A. tumefaciens strain (GV3101/pMP90) and transient protein expression by Nicotiana benthamiana infiltration in 4-5-week-old plants was performed according to Waadt and Kudla [40] . One day after infiltration, discs of infiltrated leaves were cut out using a cork borer and floated in water containing 100 lM b-estradiol. Microscopic analysis was performed 2 days later using a Leica SP5 confocal microscope.
GUS staining of Arabidopsis plant material
T2 generation seeds of Arabidopsis, stably transformed with GUS constructs, were sown on 0.5 MS. After 10 days, seedlings were stained using 5 mg 5-Bromo-4-chloro3-indolyl-b-D-glucuronic acid dissolved in 1% dimethylformamide and 100 mM sodium phosphate buffer (pH 7) for 24 h at 37°C in the dark and afterwards de-stained with 80% ethanol.
HEK293T cell based ROS production assays
Vectors and methods for HEK293T cell transfection used in this study were as previously described [27] . The CDS of full-length RBOHC was amplified by PCR with AvrII/NotI cutting sites and integrated into the SpeI/NotI-digested pEF1 2xStrepII-N vector. For the generation of amino acid substitution of RBOHC, PCR-based site-directed mutagenesis was performed using RBOHC WT CDS as template. Primers are listed in Table S1 . HEK293T cells in each well were transiently transfected with 95 ng of plasmids, including pEF1 2xStrepII-RBOH (50 ng), pEF1 2xStrepII-CIPK (30 ng), pEF1 CBL1-2xStrepII (15 ng) or empty vector. HEK293T cell based ROS production assay was performed as described earlier, with the difference that L-012 was used as substrate for the HRP reaction instead of luminol and that a Berthold Technologies Mithras2 LB943 microplate reader was used [27] . 
Purification and in vitro phosphorylation assay of Strep-Tagged proteins
For purification of RBOHC protein, RBOHC-N was amplified using PCR, digested (SpeI/SalI) and cloned into pET24b(+)-StrepII vector, resulting in pET-24b-StrepII: RBOHC-N terminus. Primers are listed in Table S1 . Protein expression and re-solubilization of proteins from the insoluble fraction was performed as described earlier for GST-RBOHF-NT [27] . Protein purification using the StrepII-tag system as well as expression of StrepII-CIPK26 protein using in vitro wheat germ-based protein expression was performed as described earlier [27] . Buffers with defined free Ca 2+ concentrations were prepared as described earlier [35] .
Root hair phenotype assays
To determine the length and the number of root hairs, pictures were captured with a Nikon AZ-100 macroscope equipped with a Nikon DS-Ri1 digital camera and the 10 longest root hairs of each root were measured using Image J software. At least 15 roots were measured for each genotype and condition.
Results
CBL1-CIPK26 complexes activate RBOHC in a Ca
2+ -dependent manner
Previous studies provided evidence for Ca 2+ -dependent phosphorylation as a mechanism conveying RBOHC activation, however, the molecular identity of the kinase(s) conferring this activity modulation remained enigmatic [6] . In parallel, accumulating evidence pointed to a general role of CBL-CIPK complexes in regulating plasma membrane localized ion conducting/permeable proteins. To identify potential CBL-CIPK complexes that may regulate RBOHC, we pursued an RBOHC activation screen in HEK293T cells. This cell culture system has been established as an excellent in vivo system to study plant RBOH protein activity and regulation, since HEK293T cells harbor almost neglectable NADPH oxidase activity and since we recently established a protocol that allows faithful coexpression of multiple plant proteins in this cell type [21, 22, 27] . To select potential candidate CIPKs, we combined two selection principles. Firstly, we analyzed the expression pattern of the Arabidopsis CIPKs in the eFP browser [42] for overlap with the expression pattern of RBOHC, which displays maximum expression in trichoblasts and RH cells.
Secondly, since the plasma membrane localized Ca 2+ sensors CBL1 and CBL9 were reported to be strongly expressed in RHs, we analyzed published interaction data of trichoblast / RH expressed CIPKs for positive interaction with CBL1. This identified nine CIPKs as promising candidates for this functional screen. cDNAs for these CIPKs and for RBOHC were cloned into pEF1 2xStrepII-N vectors and combined with CBL1 in NADPH oxidase activation assays (Fig. 1) .
In these assays none of the kinases (in combination with CBL1) exerted strong activation of RBOHC at resting Ca 2+ concentrations. Even upon ionomycin stimulation, which increases intracellular Ca 2+ concentration, six out of the nine CBL-CIPK combinations did not elevate ROS levels above the concentration which is produced by RBOHC upon Ca 2+ activation alone (as measured in a luminolbased ROS production assay; Fig. 1 ). While CBL1-CIPK8 and CBL1-CIPK23 complexes to some extent appeared to activate RBOHC, we reproducibly observed the by far strongest enhancement of ROS production in Ca 2+ stimulated cells that coexpressed RBOHC with the Ca 2+ sensor-protein kinase complex CBL1-CIPK26 (Fig. 1) . Ionomycin stimulated cells coexpressing RBOHC with CBL1-CIPK26 displayed ROS production of almost 4 9 10 8 relative light units (RLU) compared to < 10 8 RLU of stimulated cells expressing RBOHC alone. In control cells we determined a ROS production of 2 9 10 7 RLUÁs À1 . These findings suggest that CBL1-CIPK26 complexes specifically and efficiently activate RBOHC in a Ca 2+ -dependent manner.
We next addressed mechanistic aspects of CBL-CIPK mediated activation of RBOHC. Coexpression of either CBL1 or CIPK26 alone with RBOHC did not result in ROS production that was distinguishable from cells expressing RBOHC alone (Fig. 2 ). This result confirms that both the Ca 2+ sensing CBL module as well as the CBL activated substrate-phosphorylating CIPK26 kinase need to be present to confer NADPH oxidase activation. Substitution of WT-CIPK26 by a kinase inactive version (harboring a K42N substitution, designated as CIPK26KN) reduced the Ca 2+ triggered ROS production back to levels that were detected upon expression of RBOHC alone (Fig. 2) . This result suggests that activation of RBOHC is indeed brought about by CIPK26 mediated phosphorylation and not by protein-protein interaction or other alternative mechanisms.
CIPK26 is expressed in root hairs and phosphorylates RBOHC
To determine the expression pattern of CIPK26, we generated transgenic lines that expressed the CIPK26 promoter fused to the uidA gene. To this end 2061 bps genomic sequence 5 0 to the ATG of CIPK26 were cloned in front of the uidA gene, transformed into Arabidopsis and 3 independent T3 lines were analyzed by GUS staining. This approach revealed that CIPK26 appears to be expressed robustly and ubiquitously throughout the whole plant (Fig. 3A) . Importantly, strong GUS staining was also detected in root hairs, the cell type in which RBOHC exerts its function (Fig. 3B) . As expected, BiFC studies that involved coexpression of YC-RBOHC with YN-CIPK26 confirmed the localization and interaction of both proteins at the PM (Fig. 3C) . Substitution of the functional WT CIPK26 with the inactive CIPK26 K42N version reduced the resulting BiFC intensity, supporting the functional relevance of the observed interaction (Fig. S1) .
We next addressed the consequences of the interaction by performing in vitro phosphorylation assays. To this end the N-terminal region of RBOHC encompassing amino acids residues 1-347 was cloned as N-terminal StrepII-fusion into the Escherichia coli expression vector pET-24b. After expression, we enriched inclusion bodies by centrifugation and solubilized these with 6M urea, which allowed subsequent purification of the RBOHC protein to high homogeneity. CIPK26 was expressed and purified as a StrepII-fusion from wheat germ extracts. GST purified from E. coli served as specificity control. In phosphorylation assays we combined 100 ng of the kinase protein with 2 lg of the RBOHC-Nterminus in the presence of radioactive c-ATP. These studies revealed efficient phosphorylation of RBOHC by CIPK26, while no discernable labeling was observed for the GST control (Fig. 4A) . Addition of recombinant CBL1 to this assay did not modulate the degree of RBOHC-phosphorylation by CIPK26 in our experimental condition (Fig. 4B) . Similarly, the efficiency of RBOHC phosphorylation was not affected by the presence or absence of Ca 2+ in phosphorylation assays (Fig. 4B ). Together these results support the conclusion that CIPK26 efficiently and specifically phosphorylates RBOHC, at least in vitro.
Two conserved serines in RBOHC constitute target sites of CIPK26 and are crucial for modulation of NADPH oxidase activity
We next drew our attention to the potential regulatory role of serine 318 and 322 in the N-terminus of RBOHC. These two residues are highly conserved in all known RBOH proteins from Arabidopsis (Fig. S2) , have been found as becoming strongly phosphorylated upon flg22 exposure in RBOHD [43] and have been suggested to represent the target sites of an unknown Ca 2+ -dependent kinase in RBOHC [6] . To illuminate their contribution to the regulation of RBOHC activity, we mutated the respective residues to encode a non-phosphorylatable alanine and studied the activity of the respective protein (designated as RBOHC S318/322A) in comparison to WT RBOHC in HEK293T cell-based ROS production assays. When the Ca 2+ activation of both proteins was analyzed in the absence of CBL1-CIPK26 complexes, we observed a rather minor reduction of about 20% of ROS generation for RBOHC S318/322A when compared to WT RBOHC (Fig. 5) . In sharp contrast, the phosphorylation-dependent activation of NADPH oxidase activity appeared to be much more severely affected, as coexpression of RBOHC S318/322A with CBL1-CIPK26 complexes even upon Ca 2+ stimulation resulted in a ROS production that was only slightly higher than that of RBOHC WT alone. This result indicates that the phosphorylation-dependent activation of the NADPH oxidase was almost completely abolished in RBOHC S318/322A and reveals that phosphorylation of both amino acids by CIPK26 is crucial for RBOHC activation (Fig. 5) .
These results prompted us to investigate to which extent the phosphorylation of S318/322 contributes to the regulation of RH growth in plants. To this end, we transformed an rbohc mutant with two complementation constructs that comprised the RBOHC promoter (2503 bps 5 0 of the ATG), the RBOHC cDNA fused with an N-terminal mVENUS fluorophore and a Nos terminator. Plant lines that expressed the WT RBOHC protein were designated as rbohc/RBOHC while plants expressing a mutated NADPH oxidase were designated as rbohc/RBOHC S318/322A . Homozygous T3 lines were used to study RH morphology.
In these assays we also included cbl1/cbl9 double mutants and cipk26 mutants and complementation lines to study the contribution of these proteins to RH tip growth. Previous studies reported that RBOHC loss of function mutants develop RHs comparable to WT at pH 6.0 but display a dramatic bursting phenotype at pH 5.0 [2, 3] . Our RH growth assays at pH 6.0 revealed no discernable phenotypic differences between WT and any of the mutant or complementation lines. When seedlings were cultivated on media adjusted to pH 5.0, the rbohc lines displayed the published phenotype, while WT and two independent rbohc/RBOHC lines showed normal RH growth, indicating functional complementation of the loss of function (Fig. 6A,B) . Quite surprisingly, also two independent rbohc/ RBOHC S318/322A lines displayed a RH growth that was indistinguishable from WT. These results suggest that despite the requirement of phosphorylation at S318/322 for high activity of RBOHC in cellulo in human cell lines, this modification of RBOHC appears to be dispensable for RH tip growth in vivo, at least under our growth conditions. Moreover, we did not detect any discernable phenotype for cbl1/9 or cipk26 mutant lines in our assays. HEK293T cell reconstitution assays of RBOHC and RBOHF activation modules suggest differences in their activation mechanisms and reveal phosphorylation dependence of Ca
2+ sensitization
The somewhat unexpected ability of the RBOHC S318/ 322A protein to complement the rbohC loss of function mutant prompted us to investigate the mode of RBOHC activation in more detail in vitro. The cytosolic N-terminus of RBOHC harbors a remarkably high number of residues that can potentially be phosphorylated by CIPK26 (33 serines and 25 threonines). We therefore tested if the N-terminus of RBOHCS318/ 322A could still be phosphorylated in vitro and found this to be the case (Fig. S3) . Consequently, additional or alternative amino acid residues may convey RBOHC activation in planta to compensate for the mutation of residues S318/322. Considering that the kinase CIPK26 not only activates RBOHC, but also RBOHF and that both NADPH oxidases share the conserved S318/322 residues, we moreover comparatively studied their activation in HEK293T cells (Fig. S2; [27] ). When the Ca 2+ mediated activation of both NADPH oxidases expressed alone was analyzed, we noticed that RBOHC was strongly activated upon increases of cytoplasmic Ca 2+ concentration. In contrast, similar Ca 2+ elevation activated RBOHF alone to a significantly lower degree (Fig. 7) . Under our experimental conditions, coexpression of CBL1-CIPK26 with RBOHF intensified ROS production to a level comparable to that of Ca 2+ stimulated RBOHC. In contrast, CBL1-CIPK26 mediated phosphorylation of RBOHC outperformed maximal inducible ROS production (maximum amplitude) of RBOHF at least twofold, and total ROS production over time (areas under curve) by roughly 50%. Notably, while phosphorylation and Ca 2+ induced ROS production of RBOHF appeared to remain rather constant over time, RBOHC mediated ROS production exhibited a sharp amplitude with rather rapid decline. Together these experiments reveal remarkable differences in the activation and activity mode of both NADPH oxidases and supports the conclusion that under comparable conditions RBOHC appears to exhibit a higher activity and Ca 2+ concentration susceptibility than RBOHF. Expression of all constructs was monitored by western analysis (Fig. S4) .
To further elucidate the Ca 2+ concentration susceptibility of RBOHC in the context of CBL1-CIPK26 phosphorylation, we comparatively studied RBOHC activity at differentially adjusted Ca 2+ concentrations in the assay buffer used for the HEK293T cell based assays (Fig. 8) 
Discussion
Previous studies revealed a pH dependent importance of RBOHC activity for proper RH development [3] and provided strong evidence for a crucial role of Ca 2+ binding and Ca 2+ dependent phosphorylation for appropriate RBOHC function but did not address the actual importance of this phosphorylation for RH growth [6] . In addition, till now no kinase directly regulating RBOHC activity has been identified. Here we identify the Ca 2+ sensor-kinase complex CBL1-CIPK26 to bring about phosphorylation of RBOHC. Our HEK293T cell-based pathway reconstitution supports the notion that specifically the amino acids S318/ 322 represent targets of CIPK26 and that the modification status of both amino acids impacts on RBOHC activity. Moreover, we noticed remarkable differences emerging from our comparative study of RBOHF and RBOHC activation. In this regard, it is tempting to speculate that the more transient activation of RBOHC (compared to the more enduring activation RBOHF) may correlate with their physiological or developmental function. While RBOHC has been related to RH growth, which involves Ca 2+ oscillations, RBOHF has been implemented e.g. in Casparian strip formation, a more gradual process [2, 44, 45] . Moreover, the strong Ca 2+ responsiveness of RBOHC may again reflect the specific Ca 2+ conditions of RHs. These cells, like pollen tubes, as their "companion" tip-growing cell types in plants, exhibit strong fluctuations in Ca 2+ concentrations with rather high amplitudes [46] . This cellular environment may have assisted the evolution of a Ca 2+ dominated regulatory mechanism for rapid cycling of NADPH oxidase activity in RHs and likely also in pollen tubes. It will be therefore most interesting to investigate if RBOHH and RBOHJ, which are specifically expressed in pollen tubes share the strong Ca 2+ dependence of activation with the root hair expressed NADPH oxidase RBOHC.
A question emerging from our study is why CIPK26-mediated phosphorylation of RBOHC and phosphorylation of S318/322 (which could also be target residues of alternative kinases), appear to be dispensable for RH growth under our cultivation conditions. In this context, it needs to be considered that mutation of S318/322A reduces, but does not completely abolish RBOHC activation in HEK293T cells. This would leave the possibility that the remaining RBOHC activity might be sufficient to allow apparently normal RH growth. However, it has been established for other RBOH proteins that several distinct kinases can target these proteins and all plant RBOH proteins harbor around 50 phosphorylatable residues in their N-terminal cytoplasmic tail, which encompass around 350 amino-acids. This situation would allow for flexible mechanisms of NADPH oxidase activity modulation, in that alternative, kinasespecific phosphorylation patterns, that still affect the same region of the protein, could provide the negative charges required to achieve activation-triggering protein-folding. Consequently, if S318/322 residues are mutated and not available for phosphorylation, other serine/threonine residues in their vicinity may become accessible for phosphorylation and could provide a compensatory mechanism to allow a negative charging of this protein region. Such a mechanism would provide the plant with the required flexibility and robustness to adjust RH growth to rapidly fluctuating environmental cues. Although such robust and flexible activity modulation of NADPH oxidases in vivo may be advantageous for the plant, it obviously hampers the genetic elucidation of the mechanisms and contributions of defined regulatory modules to the fine-tuning of cellular ROS production. This situation underscores the value of in cellulo reconstitution approaches of defined plant signaling components in heterologous cells, that allow to dissect the specific mechanisms, by which individual regulatory proteins or modules, like CBL-CIPK complexes, contribute to the complex modulation of target proteins. 
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